A new intermolecular potential for hydrazine clusters: Structures and spectra J. Chem. Phys. 106, 6795 (1997); 10.1063/1.473706 Role of the longrange oscillatory tail of the effective pair potential in determining the structure of liquid metals J. Chem. Phys. 93, 7350 (1990) We investigate the structures of clusters bound by the Morse potential by mapping the structure of the global minimum as a function of both cluster size and the range of the pair potential. We consider values of the range parameter appropriate to a loosely bound diatomic molecule ͑longest͒, two C 60 molecules ͑shortest͒, and at regular intervals between these two limits. We have studied all cluster sizes with 25 atoms or less and a selection of sizes containing between 35 and 80 atoms. The effect of decreasing the range of the potential is to destabilize strained structures. For the larger clusters the structure of the global minimum changes from icosahedral to decahedral to face-centered cubic as the range is decreased. We have also investigated the effects of temperature on the equilibrium structure by performing a model calculation for a 75-atom cluster.
I. INTRODUCTION
A longstanding but perhaps imprecisely posed question in cluster science is ''What is the structure of a particular cluster?.'' Sometimes we mean ''What is the structure of this cluster at the global minimum of its potential energy surface?'' or, equivalently, ''What is the structure of this cluster at zero Kelvin?'' At other times, the question is better phrased as ''What is the general category of structure that this kind of cluster will have at a specified temperature?'' Questions of this kind arose as soon as it became clear that rare gas clusters tend to exhibit structures based upon icosahedral geometries, while the corresponding bulk solids have close-packed, face-centered cubic ͑fcc͒ structures. Naturally this stimulated investigations of the size dependence of structures; many people sought to find where and how, as a function of cluster size, the transition occurs from icosahedral to cubic. [1] [2] [3] [4] [5] This study is, in part, a continuation of that issue, which is still not fully resolved.
Another dimension to the question of what controls structure is the nature of the interaction among the particles. How the form of the potential determines the lowest and the other low-lying potential energy minima is the main focus of this investigation. Many studies have concentrated on the structures of clusters exhibited by a specific functional form, such as the Lennard-Jones ͑LJ͒ potential. 6 Fewer have examined the general structural effects of the different contributions to the potential. For this purpose, it is useful to consider a potential which is simple enough that we can comprehend the effects of any changes we make to its form, and where these changes can be made by varying a single parameter. This method has been used to investigate the effect of the range [7] [8] [9] and anisotropy 10 of the potential on the structure and phase behavior of small clusters.
Braier et al. 7 made a systematic search of the potential energy surface ͑PES͒ of six-and seven-atom clusters bound by the Morse potential 11 as a function of the range of the interaction. They found that as the range was increased the number of minima and saddle points on the PES decreased and the PES became smoother and simpler. This effect was first noted by Hoare and McInnes in comparisons of LJ and long-ranged Morse clusters, 12, 13 and has been further illustrated for binary salt clusters such as potassium chloride by the use of a shielded Coulomb potential for the long-range term of a Born-Mayer potential.
14 This simplification of the PES for long-range interactions led Stillinger and Stillinger 15 to suggest that increasing the range of a potential may provide a suitable method of hypersurface deformation to facilitate global optimization. 16 Bytheway and Kepert noted that, for a sufficiently longranged potential, structures based on icosahedral packings become less favored energetically than structures with even higher coordination. 8 Little, however, has been discovered about the structures associated with shorter-ranged potentials, and the effects of the range and size on the competition among icosahedral, decahedral, and close-packed structures. Here we investigate these issues by examining clusters of particles bound by the Morse potential. We consider all clusters containing up to 25 atoms and a selection with sizes in the range . In particular, we attempt to find the global minimum as a function of the range and size.
A useful comparison is provided by the structures already known for specific systems. Metal clusters often have long-ranged interactions, LJ clusters medium-ranged and clusters of C 60 molecules very short-ranged interactions, relative to the pair equilibrium separation. For example, in a study of nickel and palladium clusters, Stave and DePristo analyzed the structures they found in terms of the range of the potential. 17 In contrast, C 60 has many interesting properties related to the short range of its intermolecular potential. It has been shown that the liquid phase of bulk C 60 is unstable 18 or only marginally stable. 19 This discovery has led to a flurry of investigations of the effect of range on the phase diagram. These studies have shown that the liquid phase is destabilized as the range decreases [20] [21] [22] [23] and that at very short ranges there may be a range-induced solid-solid transition similar to a liquid-vapor transition. 24, 25 Clusters of C 60 molecules have been shown to have structures very different from those of the corresponding LJ clusters. 26 -28 tense study. Icosahedral clusters are the lowest in energy for small sizes. Northby has conducted a systematic survey for 13рNр147 to find the lowest-energy minima based on icosahedral structures. 29 For larger systems sequences of magic number clusters with different structures have been compared. In these comparisons, the energy is interpolated between the values of N for the clusters of the sequence. The values of N at which the lowest-energy lines cross are indicators of the size for which a structural transition is likely to occur. These studies have shown that a decahedral sequence becomes most stable at NϷ1600 and an fcc sequence 4 at NϷ10 5 . The energetics underlying this progression result from a balance between the lower surface energies and more spherical shape of the icosahedra and decahedra, and their inherent strain energies. The strain energies, as they are approximately proportional to the volume of the cluster, increase more rapidly with N than the surface energies. Therefore at some critical size the decahedral sequence becomes lower in energy than the icosahedral sequence because it is less strained. Similarly, because of the lack of strain in the fcc structures, the latter become lower in energy than the decahedra at a still larger size. Less is known about the stable structures in between the magic numbers. Our investigation will help to elucidate the basis for the favored structures in such systems.
II. METHODS

A. Potential
The Morse potential may be written as
where ⑀ϭ1 and r 0 ϭ1 define the units of energy and length, respectively, 0 ϭ␤r 0 and r i j Ј denotes the distance between atoms i and j in these reduced units. 30 If the mass of the particles, m, is taken as the unit of mass then the reduced unit of time is ͑mr 0 2 /⑀͒ 1/2 . Here we denote an N-atom cluster bound by the Morse potential by M N .
The parameter 0 determines the range of the attractive part of the potential. As can be seen from Fig. 1 low values of 0 give a long-ranged potential, and high values a shortranged potential. 0 also affects the steepness of the repulsive wall. The Morse and LJ potentials have the same curvature at the bottom of the well when 0 ϭ6, and at this value the PES's have very similar topologies for six-and seven-atom clusters. 7 Girifalco has obtained an intermolecular potential for C 60 molecules, 31 which is isotropic and short-ranged relative to the equilibrium pair separation, with an effective value 32 of 0 ϭ13.62. To understand the requirements for a structure to be low in energy and how these change with the value of the range parameter, 0 , it is instructive to look more closely at the form of the potential. The energy can be partitioned into three contributions as follows:
The number of nearest-neighbor contacts, n nn is given by
where x i j ϭ r i j Ј Ϫ 1, and x 0 is a nearest-neighbor criterion.
x i j is the strain in the contact between atoms i and j. The strain energy, E strain , is given by
The contribution to the energy from non-nearest-neighbors, E nnn , is given by
The dominant term in the energy comes from n nn . E nnn is a smaller term and its value varies in a similar manner to n nn . It is only likely to be important in determining the lowest-energy structures when other factors are equal. For example, bulk fcc and hexagonal close-packed ͑hcp͒ lattices both have 12 nearest-neighbors per atom. Next-nearestneighbor interactions are the cause of the lower energy of the hcp crystal when a pair potential such as the LJ form is used. 34 Non-nearest-neighbor interactions also cause the contraction of nearest-neighbor distances from the equilibrium pair value. This contraction increases with the range of the potential. 35 At large values of 0 ͑short range͒ the contribution from E nnn is very small. The strain energy is likely to be an important factor in determining the favorable geometries as its value is very dependent on the structural type. Generally, more highly strained structures are able to have a higher value of n nn . Hence, E strain and n nn are in competition. For a given strain, E strain increases rapidly with 0 , as can be seen by taking a Taylor expansion of E strain about x i j ϭ0: 
This expansion is valid when 0 x i j is small. To a first approximation the strain energy grows quadratically with 0 . Thus, increasing 0 destabilizes strained structures. From this analysis we can see that minimization of the total energy involves a balance between maximization of n nn and minimization of E strain . This explains the observations of Bytheway and Kepert: 8 as the range of the potential increases ͑i.e., 0 decreases͒ the potential becomes increasingly tolerant of strain, so there comes a point at which the energies of highly strained, but highly coordinated, structures become lower than icosahedral structures.
We can also predict the effect of the range on the competition between icosahedral, decahedral and fcc structures. The interior atoms of all three structures are twelvecoordinate. Differences in n nn arise from differences in the coordination of surface atoms-͕111͖ faces are more closely packed than ͕100͖ faces-and from differences in the fraction of atoms in the surface or equivalently in the sphericity of the cluster. The lowest-energy sequences for decahedral and fcc clusters 4 involve a balance between these two factors, whereas the icosahedron has entirely ͕111͖ faces and a nearly spherical shape. Consequently, of the above three morphologies, icosahedral structures have the largest n nn and fcc usually have the smallest. However, icosahedral structures are also the most highly strained while fcc structures may be essentially unstrained if the pairwise forces are central. Hence, for a moderately long-ranged potential, icosahedral structures are the most stable. As 0 is increased, the strain energy of the icosahedral structures increases rapidly, and there comes a point where the decahedral structure becomes more stable. Similarly, at still higher 0 there comes a point where the fcc structure becomes most stable. The effect of decreasing the range of the potential is similar to the effect of increasing the number of atoms: both destabilize strained structures. The most favorable morphology can vary with the size of the cluster and the range of the potential.
The partitioning of the energy we have employed in this analysis is clear cut for the lattice based structures-there is an obvious gap in the pair distribution function between nearest and next-nearest-neighbor distances. However, for the structures favored when the potential is long ranged, this distinction becomes blurred and the cutoff used more arbitrary.
A similar partitioning has recently been employed by Smirnov ͑although he ignored E nnn ͒ in an analytical model, comparing the energies of icosahedral and fcc clusters. 36 Braier et al. have also noted that as 0 →0, the energy simply becomes the total number of pairs of atoms in the cluster, N(NϪ1)/2, because all pairs then contribute the same energy, and that as 0 →ϱ the energy is the number of nearestneighbor pairs at precisely the equilibrium pair distance. 
B. Searching the potential energy surface
We have used two methods to search for the global minimum of the PES. Using the physical insight gained from the analysis in the previous section we attempted to construct geometries that maximize n nn based on a particular growth sequence. This method can be used for the lattice-based structures, but not for the highly strained structures at low 0 , where the concept of a lattice breaks down. This type of approach has been previously used by Harris et al. 37 to explain intensity peaks in the mass spectrum of charged argon clusters, and by Northby to generate possible global minimum structures for icosahedral LJ clusters. 29 Second, we used molecular dynamics ͑MD͒ to explore the PES and to generate configurations for quenching. 38 The simulations employed the velocity Verlet algorithm 39 and configurations were quenched using an eigenvectorfollowing 27 method. The trajectories usually consisted of 10 6 time steps, each of 0.004 24 reduced time units ͑10 Ϫ14 s for parameters appropriate to Ar͒. When searching for new favorable geometries, the MD runs were performed at an energy corresponding to the upper end of the melting region. When searching for the lowest-energy minimum based on a particular morphology low-energy MD runs were initiated from that structure.
This MD technique is most effective when the surface is simple enough for it to be explored entirely on the time scale of the MD runs. As noted earlier, the effect of decreasing the range of the potential is to increase the number of minima and transition states on the surface, and also to increase the heights of the barriers between minima. 27 The number of minima on the PES also increases rapidly with the size of the system: 12, 40 we estimate that for LJ 55 the number of geometrically distinct minima 41 is of the order of 10 21 . Hence, as N and 0 increase, dynamic searching of the PES becomes increasingly difficult. However, this method was found to be effective for all but the larger clusters ͑Nу70͒.
The two methods we employed are complementary, the first generating starting points for MD runs and often reducing the problem to a local dynamic search of the PES, and the second generating new and unexpected structures not considered in the growth schemes. It must be emphasized, though, that these methods provide no guarantee that the global minimum has been found. Finding the global minimum for a PES with so many degrees of freedom is an NPhard problem. 42 A global optimization approach, such as the method applied by Maranas and Floudas to small LJ clusters, 43 may provide a more rigorous assessment of the success of our project. However, their algorithm scales as 2 N , and has not yet been applied to the size regime of the larger clusters in this study. Recently, an optimization algorithm based on Glover's taboo search has been shown to hold promise. 44 Morse clusters would be an ideal system to compare different global optimization techniques because the complexity of the PES can be systematically varied by changing a single parameter, and this study provides some upper bounds for the global minima.
III. RESULTS
A. M 2 -M 25
For very small clusters the range of the potential has little effect on the global minimum. For Nϭ2, 3, and 4 the energies of the optimal linear diatomic, equilateral triangle, and tetrahedron do not change with 0 . They are all maxi-TABLE I. Global minima for Nр25. Energies at values of 0 for which the structure is the global minimum are given in bold. min and max give the range of 0 for which the structure is the global minimum. For 5A, 6A, and 7A no values are given, because they are global minima for all values of 0 that we have considered. If, at a particular value of 0 a structure is not a minimum, but a higher-order saddle point, the index of the stationary point ͑the number of negative eigenvalues of the Hessian͒ is given in square brackets after the energy. E strain has been calculated at 0 ϭ10. If a structure is not stable at 0 ϭ10, no value of E strain is given. All energies are given in ⑀. mally coordinated, and have an energy equal to the lower bound ϪN(NϪ1)/2. As shown by Braier et al., 7 the octahedron and the pentagonal bipyramid are always the global minimum for M 6 and M 7 . M 8 is the first cluster for which we found the global minimum to change as a function of the range, and similar transitions occur for all larger clusters. It is our aim here not only to identify all these changes in the global minimum, but to explain them in terms of the analysis given in Sec. II A, and to gain from them a comprehensive understanding of the effects of the range of the potential on cluster structure.
In Table I we give all the minima we found for M 5 -M 25 , which are global minima for some range of 0 , together with their point groups, energies, and the range of 0 for which they are the global minimum ͑ min and max are the bounds of this range͒. We have divided the global minima found into four main structural classes: icosahedral, decahedral, close-packed, and structures associated with low 0 .
The global minima are depicted in Figs. 2-5, in accordance with this classification.
The group of structures associated with low 0 are close to spherical in shape and in the main are highly strained in order to maximize n nn . The exceptions are 8A, 9A, and 10A ͑Fig. 2͒. These clusters have smaller values of n nn than their ''rival'' minima, which are based upon incomplete centered icosahedra, but have a lower energy because of a larger contribution from E nnn ; the next-nearest-neighbor shell is significantly closer than for the icosahedra. In each case the structures are roughly spherical but do not have an atom in the center of the cluster. As can be seen from Table I , for Nу11 the global minimum at low 0 is the most strained global minimum for that cluster size. Structure 11A is the same as 10A, but with an atom in the center of the cluster-it is a centered bicapped square antiprism. Encapsulation of the central atom leads to considerable strain, which is manifested as surface tension. For 14A, the central atom is surrounded Table I . The graphics were produced with MATHEMATICA 45 using a cutoff of 1.2 for triangulation.
by 13 atoms, and so the surface is now in compression. The first cluster to have two atoms in the center is 17A. It is the same as 16A, but with two enclosed atoms on the threefold axis. All the above-mentioned clusters are illustrated in Fig.  2 . This structural class does not have a common lattice, or packing scheme, which makes prediction of low-energy structures at low 0 far from easy.
The structures we have found at low 0 are very similar to some of those reported by Stave and DePristo in their studies of nickel and palladium clusters. 17 The lowest-energy structures they found are the same as our 5A, 6A, 7A, 8A, 9A, 10B, 11C, 12B, 13A, 14A, 15A, and 16A. The range of the potential must be one of the crucial factors in determining the structure in clusters of these two metals.
Icosahedral clusters are the most stable structures for the LJ potential, and exactly the same series of clusters is the most stable for the Morse potential with 0 ϭ6. For NϽ13 these clusters are incomplete icosahedra. This series of structures resembles those adopted by borohydrides, 46 although the borohydrides have no central atom. As 0 increases the incomplete icosahedra are destabilized because of their strain energy. For M 11 and M 12 structures based on incomplete icosahedra, but with one or two nearest-neighbor contacts broken ͑11D and 12C͒, first become lower in energy. This symmetry breaking allows the other nearest-neighbor contacts to relax closer to the pair equilibrium distance and so reduce the strain. At still larger 0 , structures with a different capping sequence of the pentagonal bipyramid ͑11E and 12D͒ become more stable, again because they have lower strain. They are both fragments of the 19-atom double icosahedron. In the Hoare and Pal's classification, they would be called polytetrahedral. For NϾ13, there are two possible sites that the atoms can occupy on the surface of the cluster. These two possibilities are illustrated in Fig. 6 . The anti-Mackay overlayer leads to the 45-atom rhombic tricontahedron with I h point group symmetry, 48 and the Mackay overlayer leads to the 55-atom Mackay icosahedron. 49 The Mackay sites continue the fcc close-packing that exists in each of the 20 distorted tetrahedra from which the icosahedron is constructed. In previous studies, the anti-Mackay overlayer has been referred to as polyicosahedral, 50 because the growth sequence includes structures with interpenetrating icosahedra, such as the double ͑19A͒ and triple ͑23A͒ icosahedra. It has also been called the face-capping overlayer. 29 For LJ clusters, the anti-Mackay overlayer is initially filled, but for Nу31 the Mackay overlayer is more stable. 29 The anti-Mackay overlayer has a greater n nn than clusters of the same size with the Mackay overlayer, but it also has greater E strain . Consequently, decreasing the range of the potential destabilizes the anti-Mackay overlayer with respect to the Mackay overlayer. This effect is seen for M 24 and M 25 , where clusters with the Mackay overlayer are most stable for 0 ϭ10. It is expected that the value of 0 for which the global minimum changes from anti-Mackay to Mackay decreases as the size increases, because the strain associated with the anti-Mackay overlayer progressively increases. The start of this trend is seen for M 24 and M 25 in Fig. 7 . For 0 ϭ6 it is expected that the Mackay overlayer is more stable for Nу31, as for the LJ potential. For potentials with a longer range, this crossover will occur at a larger size. This effect has been seen in ab initio molecular dynamics calculations of lithium clusters, 51 where the anti-Mackay overlayer is lowest in energy up to Nϭ45.
For M 17 and M 22 , there is more than one icosahedralbased structure with the same highest value of n nn . The precise strains determine which isomer is the global minimum at a particular value of 0 . From Nϭ13 to Nϭ23, we find a series of structures based on decahedra with three atoms along the five-fold axis. 23B, the decahedron ͑or pentagonal bipyramid͒ is the completion of this sequence. The lowestenergy decahedral clusters for larger N are not based on adding another shell to this decahedron, but instead a sequence of incomplete decahedra with four atoms along the five-fold axis is more stable. As can be seen in Fig. 7 the value of 0 for which the decahedral clusters become more stable than the anti-Mackay icosahedral sequence decreases with N because of the increasing strain energy of the icosahedral clusters.
M 11 , M 12 , and M 24 are the only clusters for which closepacked structures are global minima. This is probably because for M 11 and M 12 there are no low-energy decahedral clusters, and at Nϭ24 the decahedral sequence changes. Low-energy close-packed structures exist for most other sizes at large 0 , but they never appear to become the global minimum for the values of 0 we consider here.
The lowest-energy structures at 0 ϭ13.6 are likely to be the global minima for C 60 clusters modeled by the Girifalco potential. 31 For example, reoptimization of the coordinates of 19B for the Girifalco potential gave a structure with an energy of Ϫ62.693 166⑀ ͑where the equilibrium pair well depth for the Girifalco potential, ⑀, is 3218.43 K͒, which is significantly lower than any previously reported 26 for ͑C 60 ͒ 19 . To analyze which values of N might be ''magic number'' clusters for potentials with different ranges, we calculated the second finite difference of the energy, ⌬ 2 EϭE(Nϩ1) ϩE(NϪ1)Ϫ2E(N) as a function of 0 . These are shown in Fig. 8 . Peaks in ⌬ 2 E correspond to especially stable clusters. For 0 ϭ6, the pattern is the same as for the LJ potential, with magic numbers at Nϭ7, 10, 13, 19, and 23. The last three values correspond to the single, double, and triple icosahedron, respectively. For smaller 0 the peaks at Nϭ7 and 10 disappear, and at larger 0 the magic number character of the icosahedra diminishes. For 0 ϭ14, the small peak at Nϭ23 instead corresponds to the complete decahedron. The pattern for 0 ϭ14 is likely to be very similar to that for C 60 clusters, but it differs markedly from the results of Rey et al. 28 The latter authors probably did not find the global minima, but we could not check this hypothesis because they did not report the energies or structures of their lowest-energy clusters.
B. M 38 , M 46 , M 55 , M 70 , M 75 , and M 79
A small selection of larger clusters was also studied. Mapping the PES for these systems is obviously much more demanding than for the clusters in the previous section. M 38 , M 55 , M 75 , and M 79 were chosen because they have especially stable fcc-, icosahedral-, decahedral-, and fcc-based structures, respectively. M 46 and M 70 should be representative of nonmagic number clusters. In Table II we describe the global minima that we found for these five sizes, and their structures are depicted in Figs. 9-11 and 13-15.
Structures 38B and 38C are icosahedral clusters with an anti-Mackay overlayer and are the most stable for low 0 . They both have two face-capping atoms and five vertexcapping atoms missing from the complete overlayer, and only differ in the position of the fifth vertex hole. At very low 0 , structure 38A becomes more stable. It is similar to structures 38B and 38C, but is considerably distorted, pro- ducing a more spherical shape. As expected, icosahedral clusters with a Mackay overlayer become more stable for a shorter-ranged potential ͑ 0 Ͼ4.83͒. However, they are never the global minimum, because an fcc truncated octahedral structure, 38D, is always more stable. Decahedral structures are also never the global minimum; the lowest-energy decahedral minimum has one less nearest-neighbor contact than 38D. The truncated octahedron is also the most stable structure for the Lennard-Jones potential, with an energy of Ϫ173.928 427⑀, 0.79⑀ lower than the lowest-energy icosahedral cluster found by Northby. 29 The 38-atom LJ cluster is the smallest size with an fcc global minimum. This is particularly interesting as the the crossover from the decahedral to fcc morphology, predicted on the basis of the most stable sequence 4 is at NϷ10
5
. These two results are not in contradiction, but instead show that comparisons of magic number sequences provide only a general guide for predicting the type of structure that will be most stable at a particular N.
38D's special stability-it is the global minimum for a large range of 0 and has the lowest value of min found for the fcc clusters considered in this study-can be understood from both the Wulff construction 52 and the analysis of Sec. II A. The Wulff construction can be used to predict the most stable morphology of macroscopic crystals if the surface energies of the facets are known, and has also been found to be useful for predicting especially stable sequences of clusters. 53 If only nearest-neighbor contacts are considered in calculating the surface energies ͑or equivalently 0 →ϱ͒, the Wulff polyhedron for fcc crystals is the truncated octahedron with regular hexagonal faces. 53 This shape maximizes the number of nearest-neighbors for fcc clusters. 38D belongs to this sequence of structures ͑Nϭ38,201,586,...͒, which is likely to be the most stable fcc sequence for short-ranged potentials, such as that appropriate for C 60 . For longerranged potentials, further faceting of the Wulff polyhedron occurs, giving it a more rounded shape. 54 Recently, there has been some experimental evidence that small clusters may adopt the structure of 38D. EXAFS ͑extended x-ray absorption fine structure͒ spectra of small gold clusters have been interpreted as providing evidence for truncated octahedral clusters, and particularly for the 38-atom truncated octahedron. 55 Structure 46A is based on the complete 45-atom rhombic tricontahedron. The extra atom does not go into a new shell, but is accommodated in the existing outer shell. Figure 10 gives a view of 46A, which shows the distortion from fivefold symmetry caused by this extra atom. Structure 46B is an incomplete Mackay icosahedron. Two complete triangular faces of the icosahedron are missing. It is the lowest-energy minimum found for the LJ potential. 29 46C and 46D are a continuation of the decahedral sequence started with 24A. Completion of this sequence would lead to the 54-atom decahedron. However, at some point before this sequence terminates, incomplete decahedra with five atoms along the fivefold axis become more stable. Structure 46E is based on the 31-atom truncated tetrahedron. Two of the faces have been covered by hexagonal overlayers. These atoms do not occupy fcc-type sites, but the alternative hcp-type sites. The additional atom occupies a four-coordinate site. As 0 is increased for M 46 , we see the crossovers from icosahedral to decahedral to fcc structures that we anticipated in Sec. II A.
As the 55-atom cluster is a magic number species for various atomic 37,56 -59 and molecular systems, 57, 60 it has often been investigated. It is the second cluster in the magic number sequence Nϭ13, 55, 147, 309,... . The structures normally considered in an analysis of the 55-atom PES are the high symmetry icosahedron ͑55B͒, Ino's truncated decahedron 61 ͑55F͒ and the fcc cuboctahedron ͑55G͒. Studies of the size dependence of cluster structure often compare these three isomeric sequences. Energies at values of 0 for which the structure is lowest in energy are given in bold. min and max give the range of 0 for which the minimum is lowest in energy. For 55E, 55F, and 55G no values are given because they are never the global minimum. If at a particular value of 0 a structure is not a minimum, but a higher-order saddle point, the index of the stationary point is given in square brackets after the energy. E strain has been calculated at 0 ϭ10. If a structure is not stable at 0 ϭ10 no value of E strain is given. All energies are given in ⑀. hedron and cuboctahedron do not represent the optimal sequences of decahedral and fcc structures. This is because they have a significant proportion of atoms on high-energy ͕100͖ faces, and consequently they have low values of n nn . Marks noted that a more stable decahedral sequence could be formed, which has reentrant ͕111͖ faces between the edges of the ͕100͖ faces. 65 For fcc LJ clusters, a sequence based on the truncated octahedron is more stable, 2 and even lowerenergy sequences have been found by Raoult et al., which involve further faceting. 4 Furthermore, in this study we have found that the decahedron and the cuboctahedron are never the lowest-energy decahedral or fcc 55-atom clusters. We found four global minima in the range of 0 we considered. They are depicted in Fig. 11 and the low-lying minima based on these structures are given in Tables III-VI. 55C and 55E represent the optimal 55-atom decahedral and fcc structures, respectively. It can be seen from Fig. 12 that the decahedron and cuboctahedron are significantly higher in energy than 55C and 55E for all values of 0 . Both 55C and 55E have a significantly higher proportion of ͕111͖ faces, and therefore a larger n nn . 55C is obtained from Ino's decahedron 61 by removing one square face and redistributing these nine atoms. Eight are placed on the two intact square faces in sites, corresponding to the third shell of the decahedron. The other atom can cap any one of the four types of exposed four-coordinate sites to give four minima with very similar energies ͑Table V͒. In the lowest-energy minimum the atom occupies the central site of the missing square face. 55C can also be viewed as an incomplete 75-atom Marks' decahedron. The other low-lying minima given in Table V As for M 46 , the lowest-energy M 55 fcc clusters are based on the 31-atom truncated tetrahedron. Three of its faces are covered by hexagonal overlayers, leaving three atoms that can occupy various sites ͑Table VI͒. For 55E, the lowestenergy fcc isomer for most values of 0 , these three atoms bridge one of the grooves between hexagonal overlayers. The beginnings of a five-fold axis can be seen along this groove. This illustrates the fact that the structure of a decahedron is based on five twinned tetrahedra, and suggests a possible mechanism for transformation between decahedral and fcc structures. For 55D, the global minimum at very large 0 , the three atoms start to form an overlayer on the fourth face of the tetrahedron.
As for the LJ potential, the icosahedron is the lowestenergy structure for 0 ϭ6. Reflecting its magic number character, it is the global minimum for a wide range of 0 , and there is a large energy gap between it and the next lowest- energy minimum ͑Table IV͒. These low-lying minima have a surface defect at a vertex site and a single capping atom. Of these minima, the four lowest in energy have the cap in the center of one of the triangular ͕111͖ faces, and for the others the cap is in an off-center site. 66 At low 0 , other more strained minima become lower in energy than the icosahedron. At these very long ranges, the PES becomes smoother and flatter. There are many low energy minima ͑Table III͒ with small barriers between them. In fact, there are at least 86 minima within 2⑀ of 55A. In places, the surfaces of these clusters exhibit the characteristic fivefold coordination of the complete anti-Mackay overlayer ͑as in the first view of 55A in Fig. 11͒ , but in other places there is no discernible order ͑as in the second view͒. The disorder in these clusters is a direct result of the increase in the range of the potential. The tolerance of strain leads to the breakdown of regular packing. The differentiation between nearest-neighbor and next-nearest-neighbor becomes ambiguous and the method of determining n nn somewhat arbitrary. For these clusters, we choose to define n nn as the number of contacts that have an energy lower than Ϫ0.6⑀, 60% of the equilibrium pair well depth, at 0 ϭ4.0. The core of structure 55A is not the 13 atom icosahedron, but instead structure 15A. Some of the low-energy minima given in Table III have 14A or 16A at their core. These structures have many similarities to the liquid-like inherent structures 38 found for larger 0 when the Mackay icosahedron melts. Both types of structure involve a mixture of disorder and local icosahedral order, have a diffuse radial distribution function, and are strained. The energies of these minima correlate with the liquid-like minima when reoptimized at larger values of 0 . This relationship will be explored elsewhere in a study of the phase behavior of M 55 and the effect of the range of the potential on the stability of the liquid-like state. 67 The icosahedral, decahedral, and fcc structures for M 70 , M 75 , and M 79 are very similar. The icosahedral clusters are based on the 55-atom icosahedron, with part of the antiMackay overlayer filled. 70B ͑Fig. 13͒ and 79B ͑Fig. 15͒ are the same as the lowest-energy structures found by Northby for the LJ potential. 29 However, 75B ͑Fig. 14͒ is lower in energy than the structure found by Northby for both the Morse and LJ potential. Its energy when reoptimized for the LJ potential is Ϫ396.282 249⑀, approximately 0.25⑀ lower in energy than the Northby minimum. It includes an atom capping part of the incomplete third shell, a possibility that Northby did not consider.
For the LJ potential, the anti-Mackay overlayer is always lowest in energy for Nр76, and the Mackay overlayer for Nу86. In between these ranges, both overlayers have similar energies, 29 and the identity of the lowest varies with N. For the sizes we have considered, 79C ͑Fig. 15͒ is the only structure with a Mackay overlayer that becomes lowest in energy, and this is only true for a very small range of 0 . As for the smaller clusters, it is expected that the values of 0 for the crossover between anti-Mackay and Mackay overlayers decreases as the size increases, and is always lower than 6 for Nу86.
The decahedral clusters are based on the Marks' decahedron, 75C. Structure 70C lacks one square overlayer and a vertex atom of the Marks' decahedron. For 79D, two of the grooves are filled to give larger ͕100͖ faces. The stability of the Marks' decahedron is seen from the range of 0 for which 75C is the most stable structure ͑Table II͒. As is suggested by the lower limit ͑ min ϭ5.82͒, 75C is also the lowest- energy   FIG. 12 . Plot of the energies of structures 55A-G as a function of 0 . The binding energy of 55C has been used as the unit of energy. Each line is labeled by the letter of the appropriate structure. structure for the LJ potential; its energy is Ϫ397.492 331⑀, 1.2⑀ lower than the lowest-energy 75-atom icosahedral LJ cluster. Similar decahedral structures are also lowest in energy for LJ 76 and LJ 77 , with energies of Ϫ402.894 866⑀ and Ϫ409.083 517⑀, respectively. For the LJ potential, the crossover from the icosahedral to the decahedral morphology based on the most stable sequence 4 is NϷ1600. However, as the most stable sequences for icosahedral and decahedral structures do not coincide in size, decahedral clusters may be lower in energy for a particular N below this figure. 4, 68 The crossover at 75 atoms is particularly noteworthy.
The fcc clusters are based on the truncated octahedron, 79E ͑Fig. 15͒. The shape of this cluster is close to the Wulff polyhedron 52 and is formed from the cuboctahedron, 55G, by capping the six square ͕100͖ faces with a four-atom square overlayer. For 70D ͑Fig. 13͒, two of the cuboctahedron's faces are uncapped, and a vertex of the cuboctahedron has been removed. For 75D, one of the cuboctahedron's faces remains uncapped. Unlike the fcc clusters, 46E and 55D, these clusters have no twinning planes. The stability of the truncated octahedron is shown by its low value of min , 11.49.
The most favorable structures associated with low 0 , 70A, 75A, and 79A show the same trends as 55A. These clusters are more disordered, but still have some antiMackay type surface structure. The complexity of the PES for these sizes, and the lack of a method of predicting lowenergy structures for a very long-range potential, probably mean that, of all the potential global minima we have presented, it is most likely that these can be bettered. Figure 16 gives an approximate ''phase diagram'' for the structure of the global minimum as a function of N and 0 . It has the form that we predicted in Sec. II A. At very long ranges, disordered structures not based on any type of lattice packing are most stable, at moderate ranges icosahedral structures are most stable, at short ranges decahedral structures are most stable, and at very short ranges fcc structures are most stable. The value of 0 for a crossover between global minima is a sensitive function of N. In particular, large ranges of stability are found for the especially lowenergy clusters, 38D, 55B, 75C, and 79E. However, there is an overall trend that the value of 0 for the crossovers between icosahedral and decahedral structures, and between decahedral and fcc structures, decreases with N. This is because the strain energies increase more rapidly with N than the surface energies. Increasing the size destabilizes strained structures.
We cannot use ⌬ 2 E as an indicator of magic numbers in this size range, as we did for the small clusters, because we have only considered a few examples. However, magic numbers are also expected if a structure is the global minimum for a wide range of 0 , and there is also a large-energy gap between this structure and the next lowest-energy isomer. These latter two conditions are satisfied by 38D, 55B, 75C, and 79E. For decahedral and fcc clusters, the magic numbers will probably be less pronounced, as the most stable sequences have a mixture of ͕111͖ and ͕100͖ faces. The decahedral sequence with only ͕111͖ faces is the decahedron itself, and for fcc there are two such sequences, the octahedron and the tetrahedron. These three sequences are not especially low in energy because of their nonspherical shape.
Our results are of particular relevance to studies of clusters of C 60 molecules and the possibility of magic numbers. In a mass spectrometry experiment, Martin et al. probed the distribution of positively charged C 60 clusters. 69 They found magic numbers at Nϭ13, 55, and 147, which, combined with the intermediate peaks in the mass spectrum, indicated icosahedral structure. This study is not in disagreement with our results for a short-ranged Morse potential, because the positive charge modifies the intermolecular potential by introducing a longer-range Coulombic term. This, though, raises the questions, ''Do clusters of neutral C 60 molecules exhibit magic numbers and, if so, at what sizes?'' For very small clusters, ⌬ 2 E indicates possible magic numbers at Nϭ7, 10, and 13. For the sizes we have considered with NϾ13, the global minima for the value of 0 appropriate to C 60 are mainly decahedral and sometimes fcc. Magic numbers are most likely for the lowest-energy sequences of structures. For decahedral packing, this is the sequence of Marks' decahedra at Nϭ75,192,389 70 indicates that with 0 ϭ13.6 the truncated octahedral sequence is lower in energy than the Marks decahedral sequence for NϾ270. This information suggests a scenario where decahedral magic numbers are dominant at small sizes, but with fcc magic numbers becoming more prominent as the size increases. Whether there might be an intermediate size range where both fcc and decahedral magic numbers might be observed due to the coexistence of the two structural types will depend on the thermodynamics and kinetics of the clusters in the molecular beam.
IV. DISCUSSION
In this paper we have attempted to find the global minimum for clusters as a function of 0 and the number of atoms for the Morse potential. The global minimum represents the equilibrium structure at zero Kelvin. However, we need to ask the question, ''How important is the global minimum in determining the structure at a finite temperature?'' To answer this, we have to consider the contribution from other local minima on the PES. The thermodynamic properties of a collection of minima can be found by superposition of the density of states from each minimum. Such a method has been applied to LJ clusters using a harmonic approximation with reasonable success, 71, 72 and when anharmonic corrections are included the results are very close to simulation. 41 Here we apply this method to M 75 at 0 ϭ6 to illustrate the limitations of finite temperature structural predictions based on knowledge of the global minimum alone. For M 75 , the Marks' decahedra, 75C, is the most stable cluster at 0 ϭ6. There is an energy gap of 2⑀ to the next lowest-energy decahedral isomer ͑Table VII͒. At this value of 0 , the lowest-energy icosahedral structure is only 0.3⑀ higher in energy than 75C, and there are many icosahedral isomers of similar energy ͑Table VIII͒. In fact, we found 31 icosahedral isomers that were of lower energy than the second lowestenergy decahedral isomer. From this, it might be expected that as the energy is increased the density of states of the icosahedral isomers would become larger than the decahedral isomers, and so the structure would change from decahedral to icosahedral with increasing energy or temperature. This idea was tested using the harmonic superposition method. The total energy density of states, ⍀(E), can be written as 71 
⍀͑E ͒ϭ ͚
where the sum is over all known minima, ϭ3NϪ6, E s 0 is the potential energy of the minimum s, and n s * is the number of permutational isomers that is given by n s * ϭ 2N!/h s , where h s is the order of the point group of s. From this we can calculate p i , the probability that a set of minima i is occupied at a particular energy in the microcanonical ensemble, using
Calculated equilibrium values for the microcanonical probability that an M 75 cluster at 0 ϭ6 has an icosahedral or a decahedral structure as a function of the total energy. The energy is measured with respect to the bottom of the well of the Marks' decahedron, 75C. We calculated p i for the sets of icosahedral and decahedral minima found for M 75 at 0 ϭ6. The results are given in Fig.  17 . From this it can be seen that the equilibrium structure changes from decahedral to icosahedral when the total energy is only 4⑀ above the bottom of the lowest well, which corresponds to a reduced temperature of 0.018⑀k
Ϫ1
. It is likely that such a transition would not be observed until higher energies because of the energy barriers involved. In fact, this transition was observed once in an MD run started from structure 75C. The run was 10 6 time steps long and at a total energy of 74⑀ above the lowest well.
This calculation also helps to explain why 38D and 75C have not been previously reported ͑to the best of our knowledge͒ as the lowest-energy structures for the much-studied LJ potential. Global optimization algorithms are often based upon tracking the free energy global minimum as the temperature is decreased. This is the principle behind the widely used simulated annealing method. 73 However, such methods will not find the global minimum if a change in the free energy global minimum occurs at a temperature where the rate of isomerization is so low that a transition to the new structure cannot occur on the time scale of the simulation.
We should not conclude from the above calculation, though, that the global minimum is not important in understanding cluster structures. This example is probably an exception rather than the rule. Such a transition is only likely to occur for values of 0 near a crossover in structures, and in the above example the cause is clearly the differences in the energy spectrum of minima for the two morphologies. In general, then, the global minimum provides a reasonable guide to the structural properties of a cluster, which can be usefully supplemented by a knowledge of other low-energy minima on the PES.
If there is a unique low-energy global minimum separated by a large-energy gap from higher-energy structures, it is appropriate to associate the solid-like structure of the cluster with this single minimum. This would be the case, for example, for the 55-atom icosahedron, 55B, at intermediate ranges of the potential ͑Table IV͒. For the LJ potential, microcanonical simulations have shown that the 55-atom cluster resides only in the icosahedral potential, well up to an energy of 40⑀ ͑measured with respect to the bottom of the icosahedral well͒, above which the formation of surface defects is observed, and then complete melting. 66,74 -76 However, when there is a set of low-energy minima with very similar energies, at all but very low temperatures an equilibrium ensemble of clusters will contain a mixture of these isomers. It is therefore more appropriate to associate the ''structure'' with this set of minima, rather than the global minimum alone. For example, this would be the case for 55C, which has four low-energy isomers with the same n nn ͑Table V͒.
In the above discussion we have been considering the equilibrium structural properties. However, we also need to consider the question of kinetic versus thermodynamic products. How important are the low potential energy structures in practice? When will they actually be found in an experiment? Van de Waal has suggested that kinetic factors could be essential in the growth of fcc rare-gas clusters and the nucleation of fcc solid from the LJ liquid. 68, 77 As we noted earlier, the effect of increasing the size and decreasing the range of the potential is to increase the complexity of the PES. In particular, shortening the range of the potential increases the barrier heights for rearrangements and decreases their cooperativity. 27 This is because for a short-ranged potential the energy of an atom only depends on its local environment. The motion of an atom is likely to affect only the closest atoms. Therefore, as the range of the potential decreases the formation of glassy or amorphous clusters, rather than the lowest-energy structure, becomes more likely. Whether this is the case for the larger clusters we have studied when the potential is short ranged would require further investigation. The results for bulk C 60 may also provide some insight into this question. When formed by vapor phase deposition, C 60 gives an amorphous soot 78 and only forms the crystalline phase on recrystallization from benzene.
In this paper we have been considering the effect of the range of attraction of pair interactions on cluster structure. As rare gas clusters and clusters of C 60 molecules can be reasonably modeled by pair potentials, we would expect the structures we have found at the appropriate 0 to be very similar to the actual structures of these clusters. However, for metal clusters the range of the potential is only one factor influencing structure. In particular, many-body terms may also be important. 10 These terms may affect the relative surface energies of ͕111͖ and ͕100͖ faces, and so alter the energetic competition between icosahedral, decahedral, and fcc structures. 62 For example, in a study of lead clusters, cuboctahedra are always found to be lower in energy than icosahedra because the surface energies of ͕111͖ and ͕100͖ faces are nearly equal.
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V. CONCLUSION
We have shown how the range of the potential determines the favored structures of atomic clusters. In particular, we have identified four principal structural regimes for Morse clusters. For a very long-ranged potential the structures are highly strained, highly coordinated, spherical, and not based on any regular packing. For large sizes these structures show little order, and have similarities to the liquid-like inherent structures found at a shorter range. At intermediate ranges of the potential, icosahedral structures are dominant. As the range of the potential decreases from short to very short, first decahedral and then fcc structures dominate. These trends have been explained by considering the strain energies and the number of nearest-neighbor contacts associated with each regime. The effect of decreasing the range of the potential is to destabilize the strained structures. Increasing the size has a similar destabilizing effect on strained structures. For example, the lowest-energy structures of LJ clusters change from icosahedral to decahedral to fcc as the size increases. It is expected that the values of N for which these crossovers occur for Morse clusters are also dependent on the range of the potential, and decrease as the range of the potential is decreased. This conclusion has been confirmed in preliminary investigations, and full results will be presented elsewhere. 70 This type of size effect is also observed in the variation of the cluster melting temperature. 79 The highly strained liquid clusters are destabilized relative to the solid as the size increases, causing the melting temperature to increase.
Our results also allow us to comment on the Stillinger and Stillinger proposed method of hypersurface deformation. 15 We have to echo the Chang and Berry caution 80 that although increasing the range of a potential does lead to a simplification of the PES it can also cause large changes in the relative stability of different minima. The global minimum when a potential is very long ranged may be very different from the global minimum at the conditions of interest.
For mixtures of spherical colloidal particles and nonadsorbing polymer, the range of the attractive interaction between the colloidal particles can be systematically varied by changing the size of the polymer. 81 This effect has been used to study experimentally the phase diagram for such colloidal systems as a function of the range of the interaction. 82, 83 We know of no physically realizable system for clusters where the range of the potential could be similarly varied to cause range-induced transitions in cluster structure. However, it remains an intriguing possibility.
